In the present investigation, the plane-wave Born approximation was employed to calculate the total ionization cross sections by electron impact of methanol, ethanol and 1-propanol from the threshold of ionization to 10 MeV. This method requires continuum generalized oscillator strengths (CGOSs). The two different semi-phenomenological expressions of CGOS, given by Mayol and Salvat and Weizsacker and Williams, along with approximated form of the continuum optical oscillator strength (COOS) by Khare et al. were used. Furthermore, the average of the above two CGOSs was also used. The calculated ionization cross sections were compared to the available previous theoretical results and experimental data. Out of three CGOSs, the present results with the average CGOS were found in good agreement with the available experimental results for all the considered molecules. Collision parameters C RP were also calculated from 0.1 to 100 MeV and the calculations were found to be in excellent agreement with the experimental results of Reike and Prepejchal.
Introduction
The total ionization cross sections of organic and inorganic molecules have importance in many applications such as plasma modelling, astrophysics, atmospheric science and biological science [1] [2] [3] . The interaction of alcohols with electrons is a subject of interest because they are used as fuels which replace the traditional fossil fuels. Alcohols are efficient and renewable biofuels that can offer, as a solution to the problem of rural development, diversification of energy sources and fossil fuel saving. These fuels release fewer toxic gases and green-house gases on burning in internal combustion engines in comparison to fossil fuels. Plasma is created during the combustion of biofuels. Plasma modelling is required to make the theoretical model of car engines and the ionization cross sections may be used as an input parameter [4] [5] [6] . Furthermore, alcohols are detected in the interstellar space medium and also in the atmosphere of planets in the solar system. They play an important role in the chemistry of these environments [7] . Methanol, ethanol and propanol are very complex targets because methanol contains one atom of carbon, four atoms of hydrogen and one atom of oxygen, ethanol has two atoms of carbon, six atoms of hydrogen and one atom of oxygen and propanol contains three atoms of carbon, eight atoms of hydrogen and one atom of oxygen. Therefore, it is a very difficult task to evaluate the electron impact ionization cross sections theoretically. Many investigations were carried out for experimental and theoretical evaluations of the ionization cross sections of alcohols. Recently, Vinodkumar et al. [8] calculated the total ionization cross section for these molecules. They used the complex scattering potential ionization contribution method. Hudson et al. [9] calculated ionization cross section for
Theory
In the plane-wave Born approximation (PWBA), including longitudinal interaction through the static unretarded coulomb field and transverse interactions through the emission and reabsorption of virtual photons and also including exchange and relativistic corrections, the total ionization cross section of a molecule due to electron impact for the j th molecular orbital is given by [17] σ jT = σ lj + σ tj (1) where σ lj is the cross section due to the longitudinal interaction and which is represented by 
and the cross section due to the transverse interaction is
The ionization cross section due to the transverse interaction, given by Equation (3), is significant only at high energies. In the above equations, R, a 0 , F ex , Q, w, I and U are the Rydberg energy, first Bohr radius, exchange factor, recoil energy, the energy lost by the incident electron in the collision, the ionization energy and the average kinetic energy of the bound electron, respectively. β is the ratio of the incident velocity, v, and the speed of light, c.
is the CGOS per unit energy loss. M 2 j is equal to the total dipole matrix squared measured in units of a 2 0 and given by
where
is the COOS per unit energy range. The COOS may be experimentally known or computed. The values of the COOS are limited for the molecules. The simple analytic approximated form of the COOS, given by Khare et al. [17] , is
where N is the occupation number of the molecular orbital. For non-relativistic energies, the recoil energy is given by [17] Q min, max =
It is very difficult to evaluate the CGOS quantum mechanically. Hence, Khare et al. [17] employed the semi phenomenological expression of Mayol and Salvat [18] for CGOS, which is expressed in terms of the COOS. It is given by
where δ and θ are the delta and step functions, respectively, and
Another expression of CGOS, derived from the statistical model by Weizsacker-Williams [18] , is given by Equation (38), by [18] 
where h(Q) is same as given by Equation (8) . Using Equations (5) and (7) with Equation (2), Khare and his associate [17] obtained the total ionization cross section due to longitudinal interaction in their BEB model given by [17] (omitting the subscript j)
where the Mott cross section (the ionization cross section due to the hard collision), σ M , is given by
where t = E /I and A = 4πa 2 0 R 2 . The Bethe cross section (the ionization cross section due to the soft collision), σ BK , is
)dw (12) In the present investigation, we put the CGOS by Weizsacker-Williams from Equation (9) in Equation (2) and follow Khare et al. [17] . We get same expression for the Mott cross section but a different one for the Bethe cross section. The present Bethe cross section is obtained as
Similarly, with the average CGOS given by Equations (7) and (9), the Bethe cross section is obtained as
The above expression may be obtained by taking the average of Equations (12) and (13). Now we replace E by E in upper limit of integral of Equations (12)- (14) and in the expression of recoil energy, Q min , given by Equation (7) . With these two modifications, we integrate the Equations (12)- (14) and obtain
where the term X is given by
Now, the present Khare BEB cross section, σ TPK , present cross section, σ TP (obtained by using CGOS of Weizsacker-Williams), and the present average cross section (obtained by using the average CGOS), σ TP (Ave.), for each molecular orbital are
where σ BPK , σ BP, σ B (Ave.), σ MK, and σ t are given by Equations (15a), (15b), (15c), (11) and (3) Putting Equation (3) in Equation (16c) and equating the result to Equation (17), we get
where, M 2 = j M 2 and summation is over all molecular orbitals. We took E + I + U = E at relativistic energies. M 2 is calculated from Equation (4), using the expression of the COOS, given by Equation (5) . Calculated values of M 2 and C RP are tabulated in Table 2 . ) are shown along with the experimental values, given by Rieke and Prepejchal [15] . The values of C RP are calculated at incident energies 0.1, 1, 10 and 100 MeV using Equation (18) . 
Molecules

Results and Discussion
The theoretical methods described in the above section are employed to calculate the total ionization cross sections of three molecules-methanol, ethanol and 1-propanol. The required molecular parameters ionization energies, I, kinetic energies of bound electrons, U, and occupation numbers, N, are taken from Irikura [19] . The present cross sections, σ TK , σ TP and σ TP (Ave.), are tabulated in Table 1 . It is clear from Table 1 that the present theoretical cross sections, σ TP , lie below σ TP (ave.). However, σ TK are greater than σ TP (ave.). The Figures 1-3 show the present cross sections, σ TK , σ TP and σ TP (Ave.), along with the previous theoretical and experimental results available in literature for methanol, ethanol and 1-propanol at energies from the ionization threshold to 2 keV, respectively. We used Equation (16a-c) to calculate the present total ionization cross sections.
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and Prapejchal [15] are shown in Figure 5 for ethanol. The present cross sections ′ ( . ) are in Figure 3 . Total ionization cross sections (TICS) for C 3 H 7 OH in A 2 , the solid line represents the present (Ave.) results, the dash line represents the theoretical results measured by Vinod kumar et al. [8] , the dash dot represents the theoretical results measured by Hudson et al. [9] using DM formulism, the dot line represents the BEB calculations of Hudson et al. [9] , the dash dot dot line represents the present (Khare BEB), the short dash represents the present results. Filled triangles, filled squares, filled pentagons and open hexagonals are the experimental results of Djuric et al. [11] , Hudson et al. [9] Rejoub et al. [12] and Pires et al. [14] , respectively. Figure 1 shows a comparison of present cross sections with other previous theoretical results and experimental data for methanol. The present Khare BEB cross sections, σ TPK , are in good agreement with the experimental results of Rejoub et al. [11] throughout the energy range. They are also in good agreement with the experimental data measured by Nixon et al. [6] up to E = 60 eV but are greater than experimental values for E > 60. However, σ TPK overestimate the experimental results measured by Hudson et al. [9] , Srivastava et al. [13] and Djuric et al. [12] . A good agreement is found among the present calculations with average CGOS σ TP (Ave.), BEB calculations by Hudson [9] , theoretical calculations by Vinodkumar et al. [8] and the experimental results measured by Srivastava et al. [13] and Rejoub et al. [11] over the full energy range studied by them. The cross sections σ TP (Ave.) are also in good agreement with the experimental data measured by Nixon et al. [6] , except near threshold energy. σ TP (Ave.) over-estimate the experimental data of Hudson et al. [9] for E < 90 eV and tend to coincide with experimental values at higher energies. In the present calculations with the CGOS by Weizsacker-Williams, σ TP underestimate the experimental results of Rejoub et al. [11] , Nixon et al. [6] and Srivastava et al. [13] . However, they are in good agreement with those measured by Hudson et al. [9] and Djuric et al. [12] . The theoretical results of Deutch et al. [10] do not agree with the present calculations as well as other reported results except near threshold energy.
In Figure 2 , present ionization cross sections are compared with the previous theoretical results and experimental data for ethanol. Figure 2 shows a good agreement among the present cross sections σ TPK , experimental measurements of Rejoub et al. [11] and theoretical results of Vinodkumar et al. [8] for the entire energy range. However, they overestimate the other reported experimental data. The cross sections σ TP (Ave.) are in good agreement with the experimental results measured by Rejoub et al. [11] and Hudson et al. [9] . They are also in good agreement with the experimental data measured by Nixon et al. [6] within 10% up to E = 70 eV but are greater than the experimental values by 15% at higher energies. A good agreement is found among the total ionization cross sections σ TP , experimental data of Nixon et al. [6] and Djuric et al. [12] . σ TP also show a good agreement with the experimental data Hudson et al. [9] up to E = 49 eV but they are lower than these experimental data for E > 70 eV. Figure 2 shows an excellent agreement between σ TP and BEB calculations of Hudson [9] .
The present calculations were compared with the theoretical results and experimental data in the Figure 3 for 1-propanol. The cross sections σ TPK consistently show a good agreement with Rejoub et al. [11] and Vinodkumar et al. [8] over the full range of incident energies. However, they are greater than the experimental data measured by Hudson et al. [9] . The theoretical cross sections σ TP (Ave.) are greater than those measured by Hudson et al. [9] for E < 90 eV but are smaller than the experimental values for higher incident energies. However, the difference between these two sets is not large. The maximum value of cross section σ TP (Ave.) observed was 10.17 A 2 at E = 77 eV, while the maximum cross section measured by Hudson et al. [9] was 10.15 A 2 at E = 97 eV. The difference between the two maximum cross sections is very small. Except near the ionization threshold, the experimental data of Pires et al. [14] lie between two curves, i.e., σ TPK & σ TP (Ave.). The cross sections σ TP are in excellent agreement with the experimental results measured by Hudson et al. [9] up to E = 69 eV, but they under-estimate the experimental values by 14% at higher energies. Again, σ TP show an excellent agreement with BEB results measured by Hudson et al. [9] . All three present calculations as well as other theoretical calculations and experimental ionization cross sections are higher than experimental data measured by Djuric et al. [12] . The DM calculations of Hudson et al. [9] are higher than present calculations as well as other theoretical and experimental data for all three molecules. In a comparison of the present three cross sections, it was observed that the total ionization cross sections σ TP (Ave.) calculated by using average CGOS are better than other two for all three alcohols in the energy range from the ionization threshold to 2 keV. Figures 4-6 show the present total ionization cross sections σ TP (Ave.) along with the experimental data measured by Rieke and Prepejchal [15] available in a range of 0.1 to 2.7 MeV. At relativistic energies, the cross sections σ TP (Ave.) are very close to σ TP and σ TK , so the cross sections σ TP and σ TK are not shown in the figures. The collisional parameter C RP and M 2 are listed in Table 2 . We have calculated the collisional parameters C RP by using Equation (18) . The values of C RP are unchanged on increasing the incident energies as expectations for all three molecules. Figure 4 shows a comparison between the present results and the experimental data of Rieke and Prepejchal [15] for methanol. The present ionization cross sections σ TP (Ave.) were found in excellent agreement with measured data. The present calculated values of C RP and M 2 are 66.8 and 5.9, respectively. The present value of M 2 is lower than the experimental value by 5%. However, the value of C RP is very close to the experimental value of Reike and Prapejchal [15] . A comparison between the present total ionization cross sections σ TP (Ave.) and the experimental data of Reike and Prapejchal [15] are shown in Figure 5 for ethanol. The present cross sections σ TP (Ave.) are in good agreement with experimental data within 2.6%. The present calculated values of C RP and M 2 are 97.89 and 8.65, respectively. The present value of M 2 is lower by 13% than the experimental value. However, present C RP is consistently very close to the experimental value of Rieke and Prepejchal [15] . Figure 6 shows the present calculations by using the average CGOS for 1-propanol. For this molecule, no other data are available for comparison. However, from our previous results, we are confident that the present values are quite reasonable. good agreement with experimental data within 2.6%. The present calculated values of CRP and M 2 243 are 97.89 and 8.65, respectively. The present value of M 2 is lower by 13% than the experimental 244 value. However, present CRP is consistently very close to the experimental value of Rieke and 245 Prepejchal [15] . Figure 6 shows the present calculations by using the average CGOS for 1-propanol.
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For this molecule, no other data are available for comparison. However, from our previous results, value. However, present CRP is consistently very close to the experimental value of Rieke and 245 Prepejchal [15] . Figure 6 shows the present calculations by using the average CGOS for 1-propanol.
For this molecule, no other data are available for comparison. However, from our previous results,
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we are confident that the present values are quite reasonable. 
Conclusions
Three different CGOSs, given by Mayol and Salvat [18] , Weizsacker and Williams [18] and an average of the above two CGOSs, along with PWBA [17] , were employed to calculate total ionization cross sections for methanol, ethanol and 1-propanol from an ionization threshold to 10 MeV. The present calculations with the average expression of CGOS provide better results that improve the agreement between theory and experiments for considered molecules. At relativistic energies, the calculated ionization cross sections σ TP (Ave.) are also found in good agreement with the experimental data of Rieke and Prepejchal [15] for methanol and ethanol. For a high incident energy range, these are the first calculations for methanol, ethanol and 1-propanol to the best of our knowledge. The application of the present method to calculate the total ionization cross sections of other heavy molecules is of interest.
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